
A NEW TYPE OF VARIABLE DELAY LINE 


With the intnxliHMion of the new 
<leljiy line (leserilK'd in this article, the 
realization of the complete line of (Jeii- 
eral IJmlio compoiuMits and inst ruments 
for pulse work is hroujijht one stej) 
nearer. At the present time. compl(‘te 
data are available on only one model, 
the Type 3I4-SS(). but the desi^iii of a 
comphMe .series of variable delay lines 
with maximum delays of 1(H). 200. oOO. 
and 10(M) millimicrosfronds and char- 
acUnistic impedances of 100. 200. oOO. 
and 1000 olims is n<»w under way. For a 
jj;iven maximum ilelay, one or fiiore 
lines will l>e ofTereil to fulfill a custom¬ 
er's impedance or siztj n*(|uir(‘ments. 
The bandwidtlis per unit delay of the 
larj^^er size units, in general, will be 
j?r(‘ater than thos(‘ of the small units, 
and each delay line will be designed for 
optimum transient response. 


These variable (h‘lay lines find gen¬ 
eral application tis wide-band phas<»- 
shifting <levices and can be use<l also as 
compoiuMits in pulse and vi<h*o-fre- 
<|ueiM‘y systc^ms. .such as computers, 
ra<lar and bi'acon .systems, and 'FX 
(*<|uipm(Mit: in short , wherev(*r it is 
desired to delay a widi*-band signal 
without introducing pha.se distortion. 
It is probable that .some particular 
imp<*<lance levels ainl delay limes will 
b(* n»ore u.s(»ful than oth(*rs, and in- 
<iniri(*s from cu.stom<‘rs are invited con¬ 
cerning their preferriMl values of delay, 
imp(‘flain*e and bandwitlth. even though 
th(‘se values may not be list(*d above. 

In many applications, the most im¬ 
portant attribute of an electromagnetic 
delay line is a satisfactory transient 
r(‘.s])on.se. Since a goo<l transicMil re- 
spon.se results from the propt*r combina- 


Figure 1. Pulse and step re¬ 
sponses of 1-/isec delay, 500- 
ohm, variable delay lines, (a) 
pulse input, (b) pulse out of 
uncompensc^od line, (c) pulse 
out of skewed-winding line, 
(d) step input, (e) step out of 
uncompensated line, (f) step 
out of skewed-winding line. 
Scope photos token on Tek¬ 
tronix 541, 0.1 psec/cm sweep. 
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lion of !L ronstnnt timi* dolay (linear 
phase characteristie) with an atlefpiatc 
fre(inency response, delay lines exhihit- 
iiiK reasonable behavior with slej) or 
shoii-pnlse exeitation are usually well 
suited for other delay appliealions. 

In tin* eours<* of the d(*velopmenl of 
the variable delay lines deserilMnl here, 
a inellnMl of analysis was developiM) 
whi<*h sheds liKht on sev<'ral properlic*s 
of distributed-wiinlinij: delay net works, 
ineludin^ (1) the variat ion of tinuMh^lay 
with fre(juc*in\v and i’2) iMid ('iVeels. 
Further inv(*sii]iration aloiiK these same 
lini^s has alr<‘ady IimI to sonn* inUM'estiiiK 
data on in distribut<‘«l ilelay net¬ 

works and. it is liopcMi, may lea<l to ae- 
eurati* nn*t,hods for the eali’ulation of 
sueh lo.ssi^s. 

U(M*ausf* of the experi<‘nee of the 
rjeneral Ua<lio ('ompaiiy in the manii- 
faeture of win*-wound resistors and the 
availability of niaehines and eom- 
poneiits, it was possible to lit tin* (le¬ 
sion of tli(‘ variable delay liiu* int«» tin* 
same neiieral form as that of a wire- 
wound potentiomi‘ter. with its obvious 
advantaK«*s of eonvtMiienee, small sixe. 
and economy. Mem*!' the inductance 
coil was <levelop('d on a card-type man¬ 
drel for winding on our standard wiinl- 
iiiK mac'hine.s. 

\Vln*n the first experimental variable 
<lelay lines of this ty|M* were <*on- 



strucUsI on potentiometer forms with 
copper wire instead of resistance wire 
and with the addition of a sheet copper- 
foil capacilan(*e, the pulsr* and 

step respon.s(\s »>f these lines (see Fitmre 
1(b) and 1(e) ) were N (*ry disappointing. 
.\fler much ex|K*rimental and analytical 
wiirk. the pie.sent nuMh*! variable di*lay 
line* has b(*en df*simied with skewtsl 
winding for constant delay as a function 
of fre<|uein‘y. and with ta])ereil capa<‘i- 
tance strips to reduci* mismatch caused 
by end elVects. 'flu* respons<*s 'ihown in 
Fijsure he) ami I {f) are chara<*teristic of 
the|M*rformanceof these new delay lines. 

The Delay Equalization Problem 

'flu* most important factor alTectiiiL!: 
the traiisi(‘nt respon.se of a flelay lin<* is 
almtKst f(*rtainly the dej?n*<* to which the 
delay time remains constant as a func¬ 
tion of frequency, 'fhis is anotluT way 
of .sayiiiLi that the plnrse n*spoiise of the 
network should be a lin(*ar function of 
fn*(juencv. Altln»u>»:h n(‘tworks provid¬ 
ing; constant film* d(‘lay are rea.>onably 
well known in lumi>ed-ciivuit theory 
and practiiH*.' " relatively little lias 
b<M*n realiziMi in the <lesij»n of delay 
networks usinu; distributed paramet¬ 
ers.*' 'fhe principal difliculty in the 
desiji;n of disi ributed-windinu; delay 
lines ari.ses from the pre.seiice of hiuli, 
po.sitivc*. mutual inductance Im*(wcmmi 
the turns of a coil that has a reasiinable 

'fhe mutual indu<*tance between the 
two repre.si'iitativc* turns as their axial 

* .\. n. Tumor. “ .Xriihrml liniw (nr vidm (1iATnl>uiiuii iiml 
doiiiy.” lfC.\ Urnrit . vi»l. .\. nil. I. pp. 477 ISU; Oi>iimii- 
ber 

* K.. I.. C Wnxfun. 'X It. Ilovilon. J. II. .Ia.^»tir«. J. 0. .\it«- 
•* Ointrilmtod AiupliHi'aniiri.'' /*ror. Jttfl vul ;4i;. pp 

iifiu. Jui> . nn». 

• II. K. KulUnnn. ' l-liiiinliiiil Uoljiy lim-i /'hh IttK 
vol. .‘44. jip. iVaV <i.*»7: Soploinlwr. C.Mrt. 

• J e Blowotl nrwl .1. II. ItutMd, " Video d**U> 

/•ffir. n<K. vol 3.V pp l.vsa I.Vil; l)<Hvmboi, 007. 

Figure 2. Diagram of two turns on form of rec- 
tongulor cross section. 
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Figur* 4. Simplified •quivoUnl circuit of o dif* 
tributed-poromofor delay line, in which each turn 
is one section of a ladder network. 


sc^paration iiicreascHl is shown in 
Fij^iiv ihi. UtTuiisc of ilu* |)rou:r(»s.sivc 
pha.sr siiift aloii^ llio roil of a (iistril>> 
iiU'd (Irlay liiit* nl a ^ivt'ii frc<nuMirv, it 
is po.ssil>lr that two turns having a fairly 
lar^t* mutual couiilinu; can carry cur¬ 
rents which are not of the same phiuse. 
The phase shift Ihus produces a redue- 
tion in the elTei tive inductance of the 
coil as the fnMiuency is increased.*^*^ 
The decre.'ise in elTective inductance 
results from tlu' rechu'lion of the in- 
plnusc component of (he <*urn*nt in a 
pven turn with respcM t to a refenaice 
turn, 'riius if a ilistrilmled-parameter 
tielay liiH‘ i‘*< constructed with a cttn- 
stant-pit<*h windin); o\er tiistrihuttHi 
Kround capacitance strips, the time 
ilelay, 7w = \IJ\ <lecreas<*s as the 
frec|ueiicy U incr(*asi*d. 'I’his pr«»l>lem is 
obviously not encounler(‘<l in liimptHl- 
parameter netw(»rks sinc4* there is phas4» 
shift only lM‘twe<ai s<‘ction.<. and mutual 
inductaiit'e lH‘tW(*en thes4* s<M’tion.s can 
he adjustisl at will. It is instructive to 
consider the distrihuted-paranu'ter di'- 
lay line as a hulder network (see Fit^ure 
4) of siM-ies L and shunt (' ehunents, 
ea<‘h r heiiiK th<‘ ca|)acitance of the turn 
to grouiul and each Jj heinv; the elTc'ctive 
inductance of only oik* turn. I akin}*; into 
at'couni mutuals to all other turns. 
Calculation of the elTective inductance 
per turn for a line made with rectan>j;u- 


Figura 3. Curvat showing variotion of mutual 
inductanca, M, bafwaan two ractongular turns as 
(a) thair oxial saparation, d, it varied, and (b) 
their displacamant, d, is varied. (Sea Figure 2). 


lar turns in the distrihuted winding Iwis 
been a<a*omplished by consi(h*rinji; that 
each turn is long c‘omparfMi with its 
width (i.c. it is wound on a thin man¬ 
drel). The calculated elTective iialiic- 
tance versus phase change |K*r turn of 
.such a con.stant-pitch distributed-para¬ 
meter <lelay line for tine partitadar ge*)- 
metrical arrangement is shown iis the 
curve of a conventional-type winding, 
O = 0®. in Figure o. Since, in the sim¬ 
ple ladder network of Figuie I. the lime 
delay is approximately Td — \ L(\ 
it is apparent that satisfactory |)4*rform- 
ance with respect to a constant-time 
delay characteristic can be obtained with 
this uncorrected ilelay line only for low 
values of delay or phase shift jier turn. 

Some of the previously t)ropo.sed 
modifications of this simple distribut4Ml- 
parameter delay line have produceii a 
form of bridged-'r n(‘twork si*ction by 
the addition of longitudinal capai itaiici* 
between turns.** * However, there arc 
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limitjit.ioiis niid some disiulviifitages to 
these modifications. Pateli-type com¬ 
pensation causes a large variation of the 
impe<iance which is usually within the 
bandpass of the line. In addition, 
ade(piate compensiition by means of 
patcln*s alone cannot be applied Citsily 
to low-impedance lines. 'Fhe use of 
aluminum paint of high diel(‘ctric con¬ 
stant i.^ limited to (»ven higher-impe- 
dainc lines with relatively low delays 
per unit length of c<>il. A dire<*l solution 
woidd pro<iuce a more nearly e(nistant 
elTective inductance. 

Skewed-Winding Delay Equalization 

rhe fh'lav (‘(|ualization met Inal de- 
vise<l for the new (leneral Hadio delay 
lines ns<‘s skewed turns to provide a 
more nearly constant elTecli\’e induc- 
taiH'i* of the distributed winding. As 
can be seen from Figure o. skewing the 
turns of the winding produces an elTec¬ 
tive induct.an(*e whi<*h remains nearly 
constant up to a crili<-al value of phase* 
change per turn. In (‘llect. skewing 
offers a n<*vv means of control over the 
mutual inductance In'tween turns of a 
distribnteil winding ilelay line. (See 
Figure* 3f») Since the delay Td = \/iX' 
in the ladder network of Figure 4. the 


delay can thus be made constant with¬ 
out resorting to bridged-T circuit nnxl- ^ 
ifi<*ations. This simplification allows 
construction of delay-eeiualized lines 
with distribut(*<l wimlings to work at 
low characteristic impedances without 
attendant difficulties in getting the 
large bridging capacitors needed at 
such low impedances by the other 
m(‘thoil of e(jualization. Anoth(*r ad¬ 
vantage »)f a skewed coil is that a higher 
(} is obtained for a given inductance 
and mandrel size. 

Several forms of skew(‘d winding fiave 
bec*n used experimentally for delay 
ecinalization. as .shown in Figure* h. For 
delay lines re(|uiring the use <if skewing 
for (‘ejualization of delay, the D-shaped 
turn «»n a flat mandrel card appears to 
be the most satisfactory, since it pro¬ 
duces a smooth winding of constant 
characteristic imj)e<lance, wdiich can 
then lie curved to fit the housing of a ^ 
standard wire-wound ]>otentiom(‘ter. 

Design Features 

The use* of silver wire in the winding 
proN’ides a reliable contact suii’a<*e for 

* W S. Curley. " I >istril)»it»Kl-«'on»iun! d<*liiy lines with 
(♦IiururtoriHtic iin|i<flunrt*» higher fhun tXMMI oiitns." IKE 
Cunt! tilhin Ki rnrd. |uirt 5, Cirruil ]i|i. 



Figure 5. Curves 
showing effect of 
various skew angles 
on the effective In¬ 
ductance per turn 
versus phase differ¬ 
ence per turn. 
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tho moving contact, iiuIcpciKlciit of 
whether tlie l»rush is moved fre(|uently 
or allow(*<l to stay in oin* position, as it 
will Im* when tin* line is uschI as a screw- 
<lriver-s<‘t unit. 'Flu* moving contact is 
made of precious-metal alloy, s^'lectcnl 
to he compatihle with the silver-alloy 
wire. 

Manufacturing proc<*ssi*s have Ikk*!! 
sutti<*iently reline<l so that th(‘ *Mms4^ 
line ripple,’ cau.s4>d hy variation of 
characteristic impfslanci* along the de¬ 
lay line, has hc*en nshnsMl to .V, or 
les.< of the signal amplitude. ’I'his fea¬ 
ture alone is of (’onsnierahle value in 
computer ainl pulse-coding a|)plica- 
tions. Knd refhM'tions have Iummi mini¬ 
mized hy the use of tapered capacitance 
elcMuents at the ends of the winding. 
kcH'ping the impislance relatively con- 
.stant and n*stdting in a high d<‘gree of 
friMHlom from unwanted variations or 
reflec'ticais at points near the ends. 
Matciiah used for (construction have 
Ih'cii .si*h*cted .so that reliahle opc*ration 
is lussured even with wide variations of 
tciupcTatun or humidity, and epoxy¬ 
type cement is used to insure a perma¬ 
nent hond of all the* parU. 

Methods of Application 

A (iunmoii mc'tliod of obtaining vari¬ 
able delay is shown in Figure 7ji. IIcuv- 
ever. this mccthcMl chs^s not allow match¬ 
ing of the input and output, and in fac't, 
the impedance of the otitput must 
he much greatcu- than Z,,. Otherwise, 
large reflect ions fnun the slider are sent 
hack to t he source. 

A recemtmended circuit is shown in 
Figure 71> where the source is f(*d into 
tin? slider. 'Fhe source s(h?s one-half the 

Figura 6. Diogroms showing orrangoment of 
skowod windings on forms of roctongulor cross 
sodion; (o) rectangular turns, (b) equivolent 
tropezoidol turns, (c) equivalent D-shoped turns. 


characteri.stic impedance of the* line and 
maximum power transfer is ohtaim*d 

Z., 

when the* .source impedan(*e is and 
the load imptMlaiiee Z^. For i*(|ual 
input and output imp(*dance.< cjf •— 
Z„ 

a resistor of — can Ik* (*onner*tcMl in 


stn’ies with the haul. This metluKl iwr- 
mits power traiisha- without the intro¬ 
duction of retl(‘ction.»^. 

If the load impcHlance is capacitive, 
as is the input of a tube, reflections can 
he minimized by a half s(*ction of low- 
pass filter consi.sting of the tube input 
capacitance and an added indin^tor as 
shown in Figure 7c. 

In some cases there may la* un¬ 
wanted volt.Hge h»ss with the mc'thcHl 
of Figure 7h. It iirescuits, however, an 
easy metluHl of obtaining jiower transfer 
or of matching without prcMiucing n*- 
flections. 




► 

SIDE ViE^ 


TOP VIEW 



normal to plane 

OP TURN 


AXIS OF COIL 


TURN OF WIRE 
(a)SKEWED WINDING 



TOP VIEW 

(blEOUlVALENT TRAPtZClDAi -TURN SKEWED WINCHING 



TOP VIEW 

(c )equivalent o-shapeo-turn skewed winding 
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These variable delay lines va.u also be 
used os adjuHtabli*-leiigth shorted trans¬ 
mission liiie-s by shortini; the slider to 
ground as in Figure 7d. For example, if 
a positive pulse is fed into tlie line, a 
negative pulse will be returned, delayed 
b}' twice the delay-time setting. 

Variable Delay Line Specification 

Most engineers who have us^'d tlelay 
liiii‘s in one form or another are aware 
of the diffu’ulty with which the speci- 
li<ation of a delay line unit is accur¬ 
ately set down. Part of this dilliculty 
arises from the multiplicity c»f uses for 
which delay lines an* ntHMlfnl. For e.x- 
ample. in some appli<’ations it may 
make little ditTerence whether there is 
overshfM»t or ringing in thi* output 
.signal ah»ng with tlie de.-ired puLse. 
However, the engiiie<‘r with these iikmI- 
erate n*(iuiremeuts can almost cer¬ 
tainly ust* an eciuivalent higher-c|uality 
delay line which exhibits no ringing or 
overshoot. In any case*, he must know 
the imptMlance level, maximum delay 
time, and attenuati<Mi or loss in the line 
in order to judge its .suitability for his 
application. 

The ))rinci))al di(licultie..s in the speci- 
Hcation of variable delay lines arise in 
the matters of t)has<* distortion, attenu- 





Figur* 8. Otcillogram showing pulse shape and 
pulse omplitude os delay setting is varied. Tek¬ 
tronix 541 Oscilloscope, 53K/54K Pre-Amplifiers; 
sweep, 0.1 ^isec/cm; time scale reads from right to 
leH. 

ation, and bandwidth. The os<‘illoscope 
photographs of Figure 1 contain much 
of the information necessary to .specify 
the.sf* tpiaiitities. The resptm.se to .slutrt 
pulse excitation indicates pulst* .stn*tcli- 
ing or bandwidth, pulse? dissymmetry or 
phase* distttrtion, and pulse amplitude 
or attemuation. 

'Phe ste*p r(*sponsi‘ .shows risi* time or 
bandwidth, final level or attenuatitm', 
and wave shapt* indicating pha.se elistor- 
tion. .Ml .scope* photttgraphs miut have 
the* lime se*ale* specifiiMl, and the s<*ope* 
should have a much faster ri.se^ time 
than the delay line under t(*.st. 

.\ type* e»f CKseilloseope phtittigraph 
which has lH*<‘n found u.si*fiil for .'simul¬ 
taneous eietermination e»f the pulse* re*- 
spoiist?, imiH*daii(*e uniforinily, and entl 
e*ITeM*ts is shown in Figure* 8. These pho¬ 
tographs were obtainenl by taking a 
continuous e'xposnre while the slider 
was slowly move*d from miniimim to 
maximum de*lay. Slightly greater ex- 
pexsiire at any point re*eonltHi the di*- 
lttye*d pulse* at that point. 

'Phe fijllowing information will be 
suppliesl for the new Cicneral Radio 
Delay Line*s. 

1. Impedaiiee, and toleran(?t‘ (at 
low and intermediate freejuencies). 

2. D-C re*sistanet*. 

Figuro 7. Methods of connoefion for o variable 
delay line. 
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Figure 9. Type 314-S86 Variable Delay Line. 
Zo = 200 ohms, maximum time delay, 0.5 /isec 
(500 millimicroseconds). 

3. ]\Iaximum delay time and toler¬ 
ance. 

4. Departure from constant time de¬ 
lay at several fnMiuencies. 

.5. Frecpiency response of amplitude 
at several frei|uencies. 

0. Rinse time for step input at maxi¬ 
mum delay setting. 

7. Oscilloscope photograph.s (not 
drawings) of waveforms of 

a. Short pulse response at maximum 
delay. 

Figure 11. Time delay and amplitude versus fre> 
quency with resistive termination as measured at 
full delay on 0.5-/isec, 200-ohm variable delay 
line with skewed winding (See Figure 9). 




Figure 10. Photograph of skewed-turn delay-line 
winding opened out to show ground capacitance 
strips and D-shaped skewed turns. 

b. Stop response at maximum delay. 

c. Envelope of response to short 
pulse over entire delay span. 

'Phore may be additional quantities 
which extend or .supersede the (|uanti- 
tu»s mentioned above, but until th<i 
tim<? when the specification of variable 
delay line units is further standardized, 
the information li.sted above .should 
provide a re.jusonable ba.si.s in choosing a 
suitable delay line. 

Type 314-'S86 Variable Delay Line 

The 'Pype 3I4-S8b \"ariable Delay 
Line .shown in Figure t) is the type on 
which much of the d<*velopment work 
for the.sL‘ new lines wtis done. Figure 10 
is an exploded view of the winding. 
This delay line has a characteri.stic im- 
pcxlance of 200 ohms and a maximum 
delay of .1(K) millimicro.seconds. 'Phe 
time delay and the amplitude rc'sponse 
ver.sus frecpiency are .shown in the curves 
of Figure II. The resultant pul.se and 
step responst\s are shown in the oscillo¬ 
gram of Figure 12. 

A primary reason for the develop¬ 
ment of these new delay line.s has been 
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Figure 12. Pulse and step response of O.S-/isec, 200-ohm variable deloy line with skewed winding; 
(a) pulse Input, (b) pulse output at 0.5-/usec delay, (c) step input, (d) step output at 0.5-/isec delay. 
Scope photos token on Tektronix 541, 0.1-Msec/cm sweep. 


tlie rctjuiroiiuMit of (|uulity fixed und 
varialth' delay linetj in our newer type 
pulse* e(|uipm(*nt . Now I hut maiiufae- 
turing teehni(|ues allow (juantity pro- 


diu'tioii, these variable d(‘lay lines ean 
he offered as a eat a log item. 

— K. I). l.,KWIS 
- UOHEKT M. Fi^VZIKU 


SPECIFICATIONS 


Characteristic Impedance; 2(H) olilllH ^ h5% ut 
tre<iiK*nrift> up to 1.5 Mr. 

D-C Resistance: Not oviT 2U ohms. 

Maximum Delay: 0.5 ^ 10% 

Th«* followiiiji t|u:iMtitirs refer to inu.vimum ile- 
Ijiy setting. 

Delay vs. Frequency (with respect to delay at 1 

Me): sfc 1% up to 10 Mr; ^ 2% at 15 .Me; =*= 
4% at 20 Mr; see Figure 11. 


Amplitude Response vs. Frequency: Down 0% 
(0.8 .11)) at (Ir; down 20% (2 tih) at 1 .Mr; down 
•40% (’A dh) at (> Mr; down 00% (8 dh) at 10 
Mr; down tK)% (10 dh) at 25 Mr; »»*e Figure 11. 
Pulse and Step Response: Sri* Figure 12. 
Dimensions: I )i:i., A ^hj"; depth )>ehind panel, 
1 * 2 '; shaft din., *8". Kiioh is furnishiHl. 

Net Weight: 0 OUlirrS 


7'tjpe Price 

314-S86 I Variable Delay Line..... $60.00 
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